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LED indictor driving circuitThis paper presents a LED indictor driving circuit with a PV arrays as its power source. The LED indictor
driving circuit includes battery charger and discharger (LED driving circuit). In this research, buck con-
verter is used as a charger, and forward converter with active clamp circuit is adopted as a discharger
to drive the LED indictor. Their circuit structures use switch integration technique to simplify them
and to form the proposed hybrid converter, which has a less component counts, lighter weight, smaller
size, and higher conversion efﬁciency. Moreover, the proposed hybrid converter uses a perturb-and-
observe method to extract the maximum power from PV arrays. Finally, a prototype of an LED indictor
driving circuit with output voltage of 10 V and output power of 20 W has been implemented to verify
its feasibility. It is suitable for the LED inductor applications.
 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY license.1. Introduction
Due to high resolution, energy saving, and long life cycle fea-
tures, light emitting diodes (LEDs) are becoming more prevalent
in general indictor or lighting application [1]. Its applications in-
clude display, lighting, automotive, backlight, 3C, and trafﬁc light
products [2,3]. Particularly, indictors in trafﬁc signals and elec-
tronic signs have rapidly grown. Moreover, serious greenhouse ef-
fect and environmental pollution caused by overusing fossil fuels
have disturbed the balance of global climate. In order to reduce
emission of exhausted gases, zero-emission renewable energy
sources have been rapidly developed. One of these sources is pho-
tovoltaic (PV) arrays, which is clean, quiet, and efﬁcient method for
generating electricity. As mentioned above, this paper proposes a
hybrid converter for an LED indictor driving system, which adopts
the energy of PV arrays in trafﬁc signal or electronic sign
application.
For the LED indictor driving system, energies of PV arrays are
stored in battery during day, and that of battery is discharged to
the LED indictor during night. Therefore, the proposed PV power
system needs a charger and a discharger. In order to increase con-
version efﬁciencies of the charger and discharger, switching power
supply is adopted in the proposed one, as shown in Fig. 1. Since the
LED indictor driving circuit belongs to a low power level applica-tion, basic converters can be adopted in the proposed hybrid con-
verter, such as buck, boost, buck–boost, ﬂyback, and forward
converters. In circuit structure considerations, it depends on the
relationships among PV output voltage VPV, battery voltage VB,
and output voltage VO. Since VPV is greater than voltage VB and VB
is less than VO, the proposed hybrid converter can choose step-
down converter as the charger and step-up converter as the LED
driving circuit. As mentioned above, the proposed one adopts buck
converter [4,5] as the charger and forward converter as the LED
driving circuit [6–8]. When forward converter is used in the pro-
posed hybrid converter, it has two problems, which are separate
the energies trapped in leakage inductor and magnetizing inductor
of transformer. As a result, it will increase switching losses and re-
sult in a saturation condition of transformer core. In order to solve
previous problems, a snubber is required to recover energies
trapped in leakage inductor and magnetizing inductor. Thus, an ac-
tive clamp circuit is introduced into forward converter to solve
previous two problems [9,10]. In order to simplify the proposed
circuit structure and increase its conversion efﬁciency, a bidirec-
tional buck converter and forward converter with active clamp cir-
cuit are adopted, as shown in Fig. 2. Note that diode D1 is used to
avoid a negative current from load side to PV arrays. It can choose a
diode with a low forward drop voltage rating, such as schottky
diode. Since the charger and the LED indictor driving circuit of
the proposed hybrid converter are operated in complementary
and with switch S1 to control their operational states, switches of
charger and LED indictor driving circuit can be integrated with
the synchronous switch technique [11] to reduce their component
counts, weight and size, and to increase their conversion efﬁciency,
as shown in Fig. 3. From the performance comparison between the
conventional converters, as shown in Fig. 2, and the proposed hy-
brid one, as shown in Fig. 3, the proposed hybrid one can yield
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Fig. 1. Block diagram of the proposed hybrid converter for LED indictor driving circuit.
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Fig. 2. Schematic diagram of the hybrid converter for LED indictor driving circuit.
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longer the discharging time of battery under the same discharging
condition.
In order to generate a better charging performance of battery,
many battery charging methods have been proposed. They are con-
stant trickle current (CTC), constant current (CC), and CC and con-
stant–voltage (CC–CV) hybrid charge methods [12]. Among these
methods, the CTC charging method needs a longer charging time.
Its applications are limited. Although the CC–CV hybrid charging
method can reduce the charging time, it requires to sense battery
current and voltage, resulting in a more complex operation and
higher cost. Therefore, CC charging method is adopted in the pro-
posed hybrid converter. Moreover, since the proposed one uses
PV arrays as its power source, it must be operated at the maximum
power point (MPP) of PV arrays to extract its maximum power.
Many maximum power point tracking (MPPT) methods of PV ar-
rays have been proposed [13–20]. They are, respectively, power
matching [13,14], curve-ﬁtting [15,16], perturb-and-observe
[17,18], and incremental conductance [19,20] methods. Since
power matching method requires a speciﬁc load or insolation con-
dition, it will limit its applications. The curve-ﬁtting technique re-
quires prior establishment characteristic curve of PV arrays. ItVPV
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Fig. 3. Schematic diagram of the proposed hybrid converter for LED indictor driving
circuit.cannot predict the characteristics including other factors, such as
aging, temperature, and a possible breakdown of individual cell.
The incremental conductance technique needs an accurate mathe-
matical operation. Its controller is more complex and higher cost.
Due to a simpler control and lower cost of the perturb-and-observe
method, the proposed hybrid converter adopts the perturb-and-
observe method to implement MPPT. As mentioned above, the pro-
posed PV power system can use MPPT method to promote the util-
ity rate of PV arrays and adopt CC charging method to achieve a
better charging performance.2. Power management of the proposed hybrid converter
In order to implement power management of battery charging
and LED driving system, circuit structure of battery charger and
LED driving circuit, and power management are described in the
following.2.1. Circuit structure of battery charger and LED driving circuit
The proposed PV power system includes battery charger, dis-
charger, and controller, as shown in Fig. 1. The battery charger
and discharger are illustrated in Fig. 2. Moreover, the controller
consists of microcontroller, which is used to implement MPPT of
PV arrays, manages battery charging, and controls battery charging
current, and PWM IC, which is adopted to regulate charging cur-
rent or output voltage VO. In microcontroller, it is divided into 3
units: MPPT, power management, and battery management units.
The MPPT unit adopts the perturb-and-observe method to execute
the MPPT of PV arrays. Its detail operation principle of the perturb-
and-observe method is described in [17,18]. The battery manage-
ment unit uses the CC charging method to charge battery.
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ments of MPPT and battery charging methods, and the power man-
agement unit can regulate powers between PV arrays and battery.
Its control algorithm is described in the following section (Sec-
tion 4). All of protections are implemented by microcontroller.
They include over-current and over-voltage protection of the pro-
posed hybrid converter and undercharge and overcharge protec-
tions of battery. Therefore, the proposed hybrid one can achieve
the optimal utility rate of PV arrays and a better performance of
battery charging.
2.2. Power management
The proposed hybrid converter includes battery charger and the
LED driving circuit. Since battery charger and the LED driving cir-
cuit are operated in complementary, the proposed hybrid con-
verter is regarded as battery charger during day and is treated as
the LED driving circuit during night. Therefore, power management
of the proposed hybrid converter only considers that of battery
charging during day. Since charging voltage and current of battery
are limited to extend its life cycle, the power of battery charging is
also limited. Fig. 4 shows conceptual waveforms of charging cur-
rent, voltage, and power for battery charger under the CC charging
method. The battery charging time is from To to Tc. When t = To, the
proposed hybrid converter begins to charge battery. At the mo-
ment, battery voltage VB is at the minimum value VB(min). When
t = Tc, battery is charged to its maximum voltage VB(max). According
to the limitation of the maximum battery charging current IB(max),
power limitation of battery charging can be determined. The
charging power of battery follows the power limitation curve to
extend its life cycle.
Since power limitation curve of battery has an upper and lower
values, they are PB(min) (=VB(min) IB(max)) and PB(max) (=VB(max) IB(max)),
respectively. According to the relationships among PPV(max), PB(min),
and PB(max), they can be divided into three operational states:
PPV(max) < PB(min), PB(min) 6 PPV(max) < PB(max), and PPV(max) > PB(max),
as shown in Fig. 5. When PPV(max) < PB(min), power curve of battery
charging follows PPV(max), as shown in Fig. 5(a). When PB(min) 6
PPV(max) < PB(max), power limitation curve and PPV(max) intersect at
A point where its intersecting time is TA. Power curve tracks power
limitation curve before t = TA, while it traces PPV(max) after t = TA, as
shown in Fig. 5(b). In operational state of PPV(max) > PB(max), power
curve is regulated by power limitation curve, as shown in
Fig. 5(c). As mentioned above, battery charging can be operated
in a better charging condition.
3. Circuit structure derivation, operational principle, and design
of the proposed hybrid converter
In order to reduce component counts and increase conversion
efﬁciency of the proposed hybrid converter, a buck and forwardVB(min)
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Pmax
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IB(max)
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Fig. 4. Conceptual waveforms of charging current, voltage, and power for battery
charger with CC charging method.hybrid converter is regarded as the proposed hybrid converter. In
the following, circuit structure derivation, operational principle,
and design of the proposed one are brieﬂy described.
3.1. Circuit structure derivation
The hybrid converter consists of a bidirectional buck and active
clamp forward converters, as shown in Fig. 2. Since switches in
each converter are operated in complementary, each switch pair
(M1, M4) or (M2, M3) can be operated in synchronization. It will
not affect the operation of the proposed original converter. More-
over, switches in each switch pair (M1,M4) or (M2,M3) have a com-
mon node. They meet the requirements of switch integration
technique [11]. According to the principle of switch integration
technique, switches M2 and M3 can be merged, as shown in
Fig. 6(a). Since charger and the LED driving circuit are operated
in complementary, switches M2 and M3 are regarded as an inde-
pendent operation. Therefore, voltage across switches M2 and M3
is regarded as the same values in each operation state. Diodes
DF231 and DF232 can be removed, while diodes DB231 and DB232 can
be shorted, as shown in Fig. 6(b). In Fig. 6(b), the inductor L1 and
magnetizing Lm are connected in parallel. Although features of
inductors L1 and Lm are different, their design rules are to avoid
operating them in saturation condition. They can be merged as
inductor L1m, as shown in Fig. 6(c).PB(min)
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Fig. 5. Conceptual waveforms of maximum output power of PV array, and power
limitation and power curves of battery from TO to TC; (a) PPV(max) < PB(min), (b)
PB(min) 6 PPV(max) < PB(max), and (c) PPV(max) > PB(max).
764 S.-Y. Tseng et al. / Energy Conversion and Management 75 (2013) 761–772Similarly, switch pair of (M1, M4) can be integrated with switch
integration technique, as shown in Fig. 6(d). Since voltage across
switches M1 and M4 is regarded as the same values, diodes DB141
and DB142 are shorted, and diodes DF141 and DF142 can be removed,
as shown in Fig. 6(e). From Fig. 6(e), it can be found that capacitors
C1 and C2 are connected in parallel. They can be combined as
capacitor CC, as shown in Fig. 6(f). In order to simplify symbols of
components shown in Fig. 6(f), component symbols will be re-
named, as shown in Fig. 3. Note that switch S1 can be operated
by manual or automatic method to control the operational states
of the proposed hybrid converter.VPV
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Fig. 6. Derivation of the proposed hy3.2. Operational principle of the proposed hybrid converter
The hybrid converter includes the buck and forward converters.
Since operation of buck converter is the same as the conventional
buck converter, its operational principle is described in [4]. It will
not be described in this paper. The forward converter with the ac-
tive clamp circuit recovers the energies stored in magnetizing and
leakage inductors of transformer Tf and achieves zero-voltage
switching (ZVS) at turn-on transition for switches M1 and M2. Its
operational modes can be divided into 9 modes, and their equiva-
lent circuits and key waveforms are illustrated in Figs. 7 and 8,L1m
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Fig. 7. Equivalent circuit of each operational mode of the proposed active clamp forward converter over a switching cycle.
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brieﬂy.
Mode 1 [Fig. 7(a); t0 6 t < t1]: before t0, switches M1 and M2 are
in the off state, and body diode DM2, D2, and D3 are in the forwardly
bias state. Therefore, inductor L2 is in freewheeling through diode
D3. Since body diode DM2 of switchM2 is in the forwardly bias state,
voltage across the magnetizing inductor Lm is nearly equal to VB
and that across switch M2 is equal to 0. When t = t0, switch M2 is
turned on. At the same time, switch M2 is operated with ZVS at
turn-on transition. Within this time interval, since secondary
winding of transformer Tf is shorted by diodes D2 and D3, voltage
across leakage inductor Lk is equal to VB. Therefore, inductor cur-
rent ILk abruptly increases from a negative value to 0. In addition,
energy stored in inductor L2 is released to load and its current IL2
linearly decreases.
Mode 2 [Fig. 7(b); t1 6 t < t2]: when t = t1, current ILk is equal to
0. Current ILk is equal to the sum of ILm and IN1. During this timeinterval, inductor ILk varies from 0 to the initial value, which is N
times of the initial value of inductor L2 operated in continuous con-
duction mode (CCM). Moreover, inductor L2 is still in freewheeling
through diode D3. The secondary winding of transformer Tf is still
kept in short circuit state through diodes D2 and D3. Inductor ILk
rapidly increases, while inductor current IL2 linearly decreases.
Mode 3 [Fig. 7(c); t2 6 t < t3]: at t2, current ILk reaches its initial
value when forward converter is operated in CCM. Therefore, cur-
rent IN2 (=IN1/N) is equal to inductor current IL2. At the same time,
diode D3 is in the reversely bias state, while diode D2 still stays in
the forwardly bias state. During this time interval, switch current
IDS1 is equal to ILk and its value linearly increases. In addition,
inductor current ILm increase from a negative value to a positive va-
lue. Current IL2 also increases linearly.
Mode 4 [Fig. 7(d); t3 6 t < t4]: at t = t3, switch M2 is turned off
and M1 is kept in the off state. Within this time interval, since
inductor current ILk must be kept in the continuous state, the
766 S.-Y. Tseng et al. / Energy Conversion and Management 75 (2013) 761–772energy stored in leakage inductor Lk is used to charge capacitor CM2
and to discharge CM1. Moreover, since current ILk is greater than
current ILm, current IN1 is greater than 0 and its value rapidly de-
creases. As a result, diode D3 is forwardly biased to maintain the
continuous condition of current IL2. Therefore, current IL2 linearly
decreases and the energy stored in the one is released to load.
Mode 5 [Fig. 7(e); t4 6 t < t5]: when t = t4, voltage across capac-
itor CM2 reaches VCC (=VB/(1-D)), while that across capacitor CM1 is
clamped to 0. At the moment, diode DM1 is forwardly biased. There-
fore, inductor Lm and capacitor CC form a resonant network, and
they start to resonate. In addition, since inductor current ILk is
equal to current ILm, current IN1 (=NIN2) equals to 0. As a conse-
quence, diode D2 is in the reversely bias state. During this time
interval, inductor L2 is in freewheeling through diode D3 and its va-
lue linearly decreases.
Mode 6 [Fig. 7(f); t5 6 t < t6]: at t = t5, switch M1 is turned on.
Since body diode DM1 of switch M1 is forwardly biased before t5,
switch M1 is operated with ZVS at turn-on transition. During this
time interval, inductor Lk and Lm and capacitor CC stay in the reso-
nant manner. Inductor current IL2 still decreases and inductor L2
supplies energy to load.
Mode 7 [Fig. 7(g); t6 6 t < t7]: at t6, current ILk is equal to 0 and
its value is changed by the resonant manner. During this time
interval, current ILk increases from 0 to a negative value through
switch M1. Therefore, body diode DM1 is reversely biased. During
this time interval, current IL2 still decreases linearly.
Mode 8 [Fig. 7(h); t7 6 t < t8]: when t = t7, switch M1 is turn off,
whileM2 is kept in the off state. Within this time interval, since the
resonant current ILk is a negative value, it will charge capacitor CM1
and discharge capacitor CM2. Moreover, energy stored in inductor
L2 is released to load and inductor current IL2 linearly decreases.
Mode 9 [Fig. 7(i); t8 6 t < t9]: at t8, energy stored in capacitor
CM2 is completely discharged. Therefore, body diode DM2 is for-
wardly biased. During this time interval, energy stored in inductor
L2 is still released to load. When switch M2 is turned on at the end
of mode 9, a new switching cycle will start.
3.3. Design of the proposed hybrid converter
The proposed hybrid converter consists of buck converter and
active clamp forward converter. Since switches and inductors in
two converters are integrated with the synchronous switch tech-
nique, design of the proposed one must satisfy requirements of
each converter. In the following, buck converter and active clamp
forward converter are analyzed brieﬂy.
3.3.1. Buck converter
Since buck converter is regarded as the battery charger using CC
charging control method, it can vary its duty ratio to obtain the dif-
ferent charging current. Its design consideration is used to avoid a
completely saturation of inductor core. Therefore, duty ratio D11
and inductor Lm are brieﬂy analyzed in the following.
3.3.1.1. Duty ratio D11. During charging mode, since battery voltage
VB is regarded as a constant–voltage within a switching cycle of the
proposed hybrid converter, maximum duty ratio D11(max) of the
proposed one can be determined by volt-second balance of induc-
tor Lm. Its relationship is depicted by
ðVPVðminÞ  VBðmaxÞÞD11ðmaxÞTS þ ðVBðminÞÞð1 D11maxÞÞTS ¼ 0; ð1Þ
where VPV(min) is the minimum output voltage of PV arrays, VB(max) is
the maximum voltage across battery, and TS represents the period
of the proposed hybrid converter. From (1), it can be found that
D11(max) (= transfer ratio M11) can be expressed as follows:D11ðmaxÞ ¼ VBðmaxÞVPVðminÞ ¼ M11: ð2Þ
When type of battery is selected, its maximum charging current
IB(max) is also determined. The charging current IB can be changed
from 0 to its maximum charging current IB(max) by variation duty
ratio D11 of Switch M1.
3.3.1.2. Inductor Lm. Since the proposed hybrid converter is oper-
ated in CCM to obtain the maximum charging current IB(max), its
conceptual waveforms of inductor current ILm and current IDS1
are shown in Fig. 13. If the proposed one is operated in the bound-
ary of discontinuous conduction mode (DCM) and CCM, the charg-
ing current IB is illustrated by
IB ¼ ILmðavÞ ¼ ðVPV  VBÞD11TS2LmB : ð3Þ
Since the maximum charging current IB(max) usually occurs in under
Vpv(min) and VB(max), the boundary inductor LmB can be determined as
follows:
LmB ¼ ðVPVðminÞ  VBðmaxÞÞD11ðmaxÞTS2IBðmaxÞ : ð4Þ
Since the proposed hybrid converter is operated in CCM, inductance
Lm is greater than LmB. Therefore, when Vpv(min), VB(max), IB(max), and
Ts are speciﬁed, the minimum inductance Lm(min) (=LmB) can be
determined.
In order to avoid the core of transformer Tf operated in satura-
tion condition, the working ﬂux density Bmax must be less than the
saturation ﬂux density Bsat of core. Since Bmax is proportional to the
maximum inductor current ILm(peak), ILm(peak) must be ﬁrst deter-
mined. In Fig. 9, ILm(peak) can be expressed as follows:
ILmðpeakÞ ¼ ILmð0Þ þ DILmðmaxÞ; ð5Þ
where ILm(0) is the initial value of inductor current ILm operated in
CCM and DILm(max) represents its maximum variation value. In gen-
eral, its maximum value DILm(max) can be illustrated by
DILmðmaxÞ ¼ ðVPVðminÞ  VBðmaxÞÞD11ðmaxÞTsLm : ð6Þ
Moreover, ILm(av peak) is equal to IB(max). The ILm(av peak) can be de-
picted as follows:
ILmðavpeakÞ ¼ ILmð0Þ þ DILm2
¼ ILmð0Þ þ ðVPVðminÞ  VBðmaxÞÞD11ðmaxÞTS2Lm : ð7Þ
From (7), the initial value ILm(0) can be determined as follows:
ILmð0Þ ¼ IBðmaxÞ  ðVPVðminÞ  VBðmaxÞÞD11ðmaxÞTs2Lm : ð8Þ
From (5) and (8), ILm(peak) can be determined as follows:
ILmðpeakÞ ¼ IBðmaxÞ þ
ðVPVðminÞ  VBðmaxÞÞD11ðmaxÞTs
2Lm
: ð9Þ
According to the datasheet of core which is supplied by core man-
ufacturer, the number of turns N1 on the primary side of trans-
former Tf can be obtained by
N1 ¼
ﬃﬃﬃﬃﬃ
Lm
AL
s
; ð10Þ
where AL represents nH per turns2, that is, Lm ¼ N21AL. By applying
the Faraday’s law, Bmax can be determined as follows
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Fig. 8. Key waveforms of forward converter with active clamp circuit over one
switching cycle.
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4
N1Ac
; ð11Þ
where Ac is the effective cross-section area of the transformer core.
In order to avoid saturation condition of core, Bmax must be less
than saturation ﬂux density Bsat of core.
3.3.2. Active clamp forward converter
For design of the active clamp forward converter, determination
of duty ratio D21, transformer Tf, active clamp capacitor CC, and out-
put ﬁlters L2 and Co are important. In the following, their designs
are analyzed brieﬂy.
3.3.2.1. Duty ratio D21. To determine duty ratio D21, input to output
voltage transfer ratio M21 must be ﬁrst attained. Since the active
clamp circuit only helps switch M2 to achieve soft-switching fea-
tures, it does not affect transfer ratio M21 of the proposed forward
converter, that is, transfer ratioM21 will be the same as the conven-
tional one. According to volt-second balance of inductor L2, the fol-
lowing equation can be obtained byðNVB  V0ÞD21TS þ ðV0Þð1 D21ÞTS ¼ 0; ð12Þwhere N (=N2/N1) is the turns ratio of transformer Tf. From (12), it
can be found that transfer ratio M21 can be expressed as follows:
M21 ¼ V0VB ¼ ND21: ð13Þ
According to (13), duty ratio D21 can be determined by
D21 ¼ M21N ¼
V0
NVB
: ð14Þ
Based on (14), a larger duty ratio D21 corresponds to a smaller turns
ratio N of transformer, which results in a lower current stresses im-
posed on switches M1 and M2, as well as voltage stress on free-
wheeling diode D3. However, in order to accommodate variations
in load, line voltage, and component value, it is better to select an
operating ranges as D21 = 0.35–0.4.
3.3.2.2. Transformer Tf and inductor L2. Once duty ratio D21 is spec-
iﬁed, turns ratio N of transformer Tf can be determined using (14),
which yields
N ¼ V0
D21VB
: ð15Þ
Since ILm is equal to or less than 0.1IN1 (=0.1NIN2), when inductor L2
is speciﬁed, inductor current DIL2B can be expressed by
DIL2B ¼ V0ð1 D21ÞTSL2B ; ð16Þ
where L2B is the boundary inductance. Since DIL2B = 2Io(max), when
the converter is operated at the boundary of CCM and DCM, the
boundary inductor L2B can be determined by
L2B ¼ V0ð1 D21ÞTS2IoðmaxÞ : ð17Þ
When L2 is greater than L2B, the forward converter is operated in
CCM. The maximum output current Io(max) can be illustrated as
IOðmaxÞ ¼ IL2ð0Þ þ V0ð1 D21ÞTS2L2 ; ð18Þ
where IL2(0) is the initial value of inductor L2 operated in CCM. From
(18), we can ﬁnd that IL2(0) yields
IL2ð0Þ ¼ I0ðmaxÞ  V0ð1 D21ÞTS2L2 : ð19Þ
Therefore, the maximum current IL2(peak) can be determined by
IL2ðpeakÞ ¼ I0ðmaxÞ þ V0ð1 D21ÞTS2L2 : ð20Þ
According to the design rule of inductor Lm, the inductor current ILm
must satisfy the following inequality:
VBD21TS
Lm
6 0:1N I0ðmaxÞ þ V0ð1 D21ÞTS2L2
 
: ð21Þ
Therefore, Lm must meet the following inequality:
Lm P
10VBD21TS
NðI0ðmaxÞ þ V0ð1DÞTS2L2 Þ
: ð22Þ
In order to achieve ZVS features, the energy stored in inductor Lm
must satisfy the following inequality:
LmðILmðtv8Þ  ILmðtv9ÞÞ2
2
P
ðCM1 þ CM2ÞV2DSðmaxÞ
2
; ð23Þ
where ILm(tv8) is the magnetizing inductor current at time t8, ILm(tv9)
is that at time t9, CM1 and CM2 are, respectively, the junction capac-
itors of switchesM1 andM2, VDS(max) is the voltage across switchM1
Fig. 9. Conceptual current waveforms of inductor current ILm(avmax) and battery current IB(max) of switch M1 in buck converter.
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ance principle of inductor Lm, the voltage VCC can be expressed by
VCC ¼ VB1 D21 : ð24Þ
Once CM1, CM2, ILm(tv8), and ILm(tv9) are speciﬁed, the inequality of the
magnetizing inductor can be expressed as follows
Lm P
ðCM1 þ CM2ÞV2B
ð1 D21Þ2ðILmðtv8Þ þ ILmðtv9ÞÞ2
: ð25Þ
In order to design the magnetizing inductor Lm, it must satisfy (4),
(22), and (25) simultaneously.
3.3.2.3. Output capacitor CO. The output capacitor CO is primarily
designed for reducing ripple of output voltage. The ripple voltage
across output capacitor CO is determined as follows:
DVrco ¼ DIL2ðmaxÞCO
1
8f S2
þ CO  ESR
 
; ð26Þ
where ESR is the equivalent series resistance of output capacitor CO,
DIL2(max) represents the maximum variables of inductor current IL2
in secondary winding and fS2 is the switching frequency. For alumi-
num electrolytic capacitors, the product of CO  ESR is much less
than 1/8fS2 and it can be neglected. Thus, capacitor CO is selected as
CO ¼ DIL2ðmaxÞ8f S2DVrco
: ð27Þ3.3.2.4. Active clamp capacitor CC. Active clamp capacitor CC is used
to help switches of forward converter to achieve soft-switching
features. In order to achieve ZVS features of switches, the energies
stored in magnetizing inductor Lm must satisfy (23). Moreover, to
attain a wider range of soft-switching features, a half of resonant
period, which is determined by capacitor CC and magnetizing
inductor Lm, is equal to or greater than turn-off time toff of switch
M2. Therefore, capacitor CC must satisfy the following inequality:
p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
LmCC
p
P Toff ¼ ð1 D21ÞTS: ð28Þ
In (28), once magnetizing inductor Lm is speciﬁed, active clamp
capacitor CC can be determined by
CC P
ð1 D21Þ2T2S
p2Lm
: ð29Þ4. Control of the proposed hybrid converter
The proposed hybrid converter consists of a buck and active
clamp forward hybrid converter and controller. The controller
adopts discrete device, PWM IC, and microcontroller to form the
proposed controller. Block diagram of the proposed one is shown
in Fig. 10. In Fig. 10, microcontroller is divided into 3 units: MPPT,
battery management, and power management units. In MPPT unit,
the perturb-and-observe method is adopted to trace MPP of PV ar-
rays. The maximum power PP of PV arrays can be decided. More-
over, battery management unit has ﬁve input signals (VB, VB(min),
VB(max), IB, and IB(max)) where VB is the battery voltage, VB(max) is
its maximum set voltage, VB(min) represents its set minimum volt-
age, IB is the battery charging current, and IB(max) is its maximum
set charging current. When signals are sent to battery management
unit, PB (=VBIB) and PB(max) (=VBIB(max)) can be attained. The PB rep-
resents the present charging power of battery, while PB(max) is the
maximum set charging power. In addition, when VB is equal to or
greater than VB(max), protection judgment makes output signal SP
from a low to high level values. The SP is sent to PWM generator
to shut down PWM generator to do the overcharge protection. Sim-
ilarly, when VB is equal to or less than VB(min), protection judgment
sends shutdown signal SP to PWM greater to do the battery under-
charge protection. In power management unit, a comparator is
used to judge relationships of PP and PB(max). When PP (=PPv(max))
is greater than PB(max), signal SL is at a high level and power selector
is operated to set Pset = PB(max). When PP is equal to or less than
PB(max), signal SL is at a low level. The output signal Pset of power
selector is speciﬁed by PP. The Pset and PB are sent to power error
ampliﬁer to attain power error value DP. When current command
unit acquires DP and VB, a current command IC (=DP/VB) can be
determined. It is sent to mode selector, which is inside PWM IC.
The PWM IC consists of PWM IC and discrete devices. The
photo-sensor is ﬁrst used to sense irradiance levels of sun. It can
generate a output signal Sn. When irradiance of sun is at a low level
(during night), Sn is in a high impedance state. When that is at a
high level (during day), Sn is in a low impedance state. The signal
Sn is sent to operational mode judgment. According to impedance
level value of Sn, the operational mode judgment can send mode
signal SM to mode selector, switch selector, and switch S1. Since
the proposed hybrid converter has two operational modes, which
are charging mode and lighting mode, controls of their operational
modes are brieﬂy described in the following.
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In the charging mode, signal Sn is in the low impedance state.
The operational mode judgment sends SM with a low level to mode
selector, switch selector, and switch S1. The output signal Vf of
mode selector can be set to equal Ic. The Vf and Vref (reference volt-
age) are sent to error ampliﬁer to obtain error voltage Ve. The PWM
generator can depend on Ve value to determine values of duty ratio
of PWM signals G1 and G2. Since control signal SM of switch selector
is in a low level state, switch selector is operated to setM1 = G1 and
M2 = G2. According to duty ratios of signals M1 and M2, the pro-
posed hybrid convertor can vary battery charging current until bat-
tery voltage VB is equal to or greater than VB(max). When
VBP VB(max), the proposed hybrid converter is shut down.
4.2. Lighting mode
The lighting mode is regarded as battery discharging mode.
When operational mode enters lighting mode, SM is at the high le-
vel and the mode selector can be set by Vf = VO. The Vf and Vref are
sent to error ampliﬁer to attain Ve. The Ve is through PWM gener-
ator to generate signals G1 and G2. Since SM is in a high level state,
switch selector is controlled by SM to set M1 = G2 and M2 = G1. The
proposed hybrid converter depends on duty ratios of driving sig-VPV
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Fig. 10. Block diagram of the propnals M1 and M2 to supply power to LED until battery voltage VB
is equal to or less than VB(min). When VB 6 VB(min), the proposed hy-
brid converter is shut down.5. Experimental results
The proposed PV power system adopts PV arrays as its input
source. Its speciﬁcations are illustrated in Table 1. In order to verify
the performances of the proposed hybrid converter, a prototype,
which is composed of a charger and the LED driving circuit (dis-
charger), with the following speciﬁcations was implemented.
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Fig. 13. Measured voltage VDS waveform of switch M1 and the charge current IB
waveform operated in duty ratio of (a) 0.2, and (b) 0.3 for working in the charging
state.
Table 1
Speciﬁcations of the PV arrays supplied by PV arrays manufacturer.
Parameter Values
Maximum power (Pmax) 30 W
Maximum power voltage (VPm) 17 V
Maximum power current (IPm) 1.77 A
Open circuit voltage (VOC) 21.6 V
Short circuit current (ISC) 1.91 A
Vo
LED1
ILED1
LED2 LED3 LED4 LED5 LED6 LED7
ILED2 ILED3 ILED4 ILED5 ILED6 ILED7
S
Fig. 11. Schematic diagram of the proposed lighting system using PWM dimming
method.
Table 2
The proposed LED driving circuit using PWM dimming method under repetitive
frequency 1 kHz.
Duty
ratio
Consumption power of
LED load (W)
Discharge current of
battery (CA)
Discharge time of
battery (min)
0.1 2 0.14 420
0.2 4 0.29 275
0.3 6 0.43 160
0.4 8 0.58 80
0.5 10 0.72 65
0.6 12 0.87 50
0.7 14 1 40
0.8 16 1.16 38
0.9 18 1.3 34
1.0 20 1.5 30
0
0.5
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2.5
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ar
ge
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nt
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)
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Fig. 12. Plot of charge time versus charge current (CA) of battery supplied by the
battery manufacturer.
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converter, inductors L2 and Lm and capacitor CC can be determined.
In (4) and (22), the magnetizing inductor Lm must be greater than
13.5 lH under VPV(min) = 17 V, VB(max) = 7 V, IB(max) = 2.3 A, and
TS = 4 ls. According to (17), inductor L2 is greater than 7.15 lH un-
der D21(min) = 0.285, IO(max) = 2A, and TS = 4 ls. Moreover, capacitor
CC is required to be greater than 9.75 nF under D21(min) = 0.285,Lm = 85 lH, and TS = 4 ls. In order to match selecting condition of
each component, Lm is chosen by 85 lH, L2 is adopted by 40 lH,
and CC is determined by 10 nF. Since the proposed LED is used in
the trafﬁc sign inductor, it can adopt PWM dimming method to
regulate the luminous ﬂux output. Fig. 11 illustrates schematic dia-
gram of the proposed LED dimming system. According to the data-
sheet of the LED supplied by the LED manufacturer, its forward
voltage ranges between 3.2 V and 3.5 V and its forward current
variable ranges from 220 mA to 350 mA. When output voltage VO
is set at 10 V, three sets of LEDs are connected in series to form a
string LED. The proposed LED load adopts 7 sets of the string LEDs
connected in parallel. According to the datasheet of the LED, when
each string LED is applied to 10 V, its forward current is about
280 mA. Therefore, the total consumption power of the LED load
is about 19.6 W (;20 W). When the proposed LED driving circuit
using PWM dimming method to regulate the luminous ﬂux output,
its consumption power of LED and discharge time are illustrated in
Table 2. From Table 2, it can be seen that when the repetitive fre-
quency is operated at 1 kHz, duty ratio varies from 0.1 to 1.0. The
discharge time of battery is from 7 h to 0.5 h. The components of
power stage in the proposed hybrid converter are determined as
follows:
 switches M1, M2: PSMN005-75B,
 diode D1, D2: UF601,
 transformer Tf: EE-25 core,
 inductor L2: EE-22 core,
 capacitor CO: 47 lF/25 V, and
 switch S1: IRFP540.
In the switch choice considerations, according to the design of
the proposed hybrid converter, switch rating can be determined.
Its voltage and current values are less than 75 V and 5 A, respec-
tively. Since switch with a lower current rating has a larger static
drain-source on resistance RDS(on), it will result a larger conducted
drop voltage across the switch. As a result, the transfer function
VPV
IPV
PPV
(VPV: 10 V/div, IPV: 1 A/div, PPV: 10 W/div, time: 100 ms/div)
VPV
IPV
PPV
(VPV: 10 V/div, IPV: 1 A/div, PPV: 10 W/div, time: 100 ms/div)
(b)
(a)
Fig. 14. Measured voltage VPV, current IPV and power PPV waveforms of PV arrays
using the perturb-and-observe method to track MPPT of arrays (a) under
PPV(max) = 10 W and (b) under PPV(max) = 20 W.
VB
IB
(VB: 10 V/div, IB: 1 A/div, time: 100 ms/div)
Fig. 15. Measured battery voltage VB and current IB waveforms under
PPV(max) = 10 W.
IDS1
VDS1
ZVS
(VDS1: 20 V/div, IDS: 5 A/div, 1 μs/div)
(a)
VDS2
IDS2 ZVS
(VDS2: 20 V/div, IDS: 5 A/div, 1 μs/div)
(b)
Fig. 16. Measured voltage VDS and current IDS waveforms of (a) switch M1 and (b)
switch M2 in the lighting state under 30% of full load.
VDS1
IDS1 ZVS
(VDS1: 20 V/div, IDS1: 5 A/div, 1 μs/div)
(a)
VDS2
IDS2
ZVS
(VDS2: 20 V/div, IDS2: 7 A/div, 1 μs/div)
(b)
Fig. 17. Measured voltage VDS and current IDS waveforms of (a) switch M1 and (b)
switch M2 in the lighting state under full load.
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ing, such as PSMN005-75B (voltage/current = 75 V/75A;
RDS(on) = 5 mX). Since the charging current IB of battery can be con-
trolled by duty ratio of switch M1 in buck converter, its value is
proportional to duty ratio D11. Fig. 12 shows plot of charge time
versus charge current (CA) of battery supplied by the battery man-
ufacturer. From Fig. 12, it can be found that when charge current is
equal to 0.1 A (=0.04 CA), the charge time needs 25 h. If charge cur-
rent reaches 2.3 A (=1 CA), the charge time only needs 1 h.
Fig. 13(a) and (b) shows the measured voltage VDS of switch M1
and charge current IB waveforms, respectively. It can be seen thatthe charge current IB can be increased by duty ratio increase. Mea-
sured current IPV and voltage VPV waveform of PV arrays using the
perturb-and-observe method are illustrated in Fig. 14. Fig. 14(a)
shows the MPP of PV arrays at 10 W, while Fig. 14(b) depicts that
10%
0%
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40%
50%
60%
70%
80%
90%
100%
η
load
with the proposed one
with hard-switching circuit
Fig. 18. Comparison conversion efﬁciency between the conventional hard-switch-
ing forward converter and the proposed one from light load to heavy load for
working in the discharging state.
VO
IO
(VO: 5 V/div, IO: 1 A/div, 250 μs/div)
Fig. 19. Output voltage VO and output current IO under Step-load charges between
30% and 100% of full load of the proposed forward converter operated in the
discharging state.
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ated at the MPP, the input source VPV adopts the simulator of solar
power supply (type 62150H-600s) made by Chroma company.
From Fig. 14, it can be found that the tracking time is about 130–
180 ms from 0 to the maximum power of PV arrays. Moreover,
when the proposed hybrid converter is operated in the charging
state, diode D1 is forwardly biased, as shown in Fig. 3. It does not
affect the MPPT operation. In Fig. 14, when the proposed hybrid
converter reaches the MPP of PV arrays, power PPV waveform has
an overshooting value. The reason is that input source side added
an extra capacitor CC to induce the overshooting value. Fig. 15
shows the measured battery voltage and current IB under MPP of
PV arrays at 10W, illustrating that the maximum charge current
is limited at 1.5 A under battery voltage VB of 6.5 V due to power
management control.
When the proposed hybrid converter is operated in the dis-
charging state (the LED driving state), active clamp forward is in
working. Measured voltage VDS and current IDS waveforms of
switches M1 and M2 are illustrated in Figs. 16 and 17, respectively.
It can be seen that switches M1 and M2 are operated with ZVS at
turn-on transition. Comparison of conversion efﬁciency between
forward converter with hard-switching circuit and with the pro-
posed active clamp circuit from light load to heavy load is shown
in Fig. 18, illustrating that the efﬁciency of the proposed converter
is higher than that of hard-switching one. Its efﬁciency is 86% un-
der full load. Fig. 19 shows step-load change between 30% of full
load and the full load, from which it can be observed that the volt-
age regulation of output voltage VO has been limited within ± 2%.6. Conclusions
In this paper, the buck converter combined with active clamp
forward converter to form the proposed hybrid converter is used
to implement battery charger and driving LEDs. Circuit derivation
of the hybrid converter using switch integration technique is pre-
sented in this paper for reducing component counts. The power
management to reduce MPPT of PV arrays and for charging current
of battery has been implemented by microcontroller and PWM IC.
Moreover, operational principle, steady-state analysis, and design
of the proposed hybrid converter have been described in detail.
From efﬁciency comparison between forward converter with
hard-switching circuit and with the proposed active clamp circuit,
the proposed active clamp converter can yield a higher efﬁciency.
An experimental prototype has been implemented for the lead-
acid battery of 6 V/2.3 Ah and for the LED driving of 10 V/2 A. It
can verify the feasibility of the proposed hybrid converter. More-
over, constant current charging method and MPPT using the per-
turb-and-observe method have also been implemented. It is
suitable for PV energy conversion.
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